Background There are racial health disparities in many conditions for which oxidative stress is hypothesized to be a precursor. These include cardiovascular disease, diabetes, and premature aging. Small clinical studies suggest that psychological stress may increase oxidative stress. However, confirmation of this association in epidemiological studies has been limited by homogenous populations and unmeasured potential confounders. Purpose We tested the cross-sectional association between self-reported racial discrimination and red blood cell (RBC) oxidative stress in a biracial, socioeconomically heterogeneous population with well-measured confounders. Methods We performed a cross-sectional analysis of a consecutive series of 629 participants enrolled in the Healthy Aging in Neighborhoods of Diversity across the Life Span (HANDLS) study. Conducted by the National Institute on Aging Intramural Research Program, HANDLS is a prospective epidemiological study of a socioeconomically diverse cohort of 3,721 Whites and African Americans aged 30-64 years. Racial discrimination was based on self-report. RBC oxidative stress was measured by fluorescent heme degradation products. Potential confounders were age, smoking status, obesity, and C-reactive protein.
Introduction
Racial disparities in health are persistent, and in some cases worsening [1] . Reducing and eliminating these health disparities are major emphases of Healthy People 2010 and the Institute of Medicine. One factor in racial health disparities may be the chronic experience of racial discrimination [2] . Conditions associated with perceived racial discrimination are higher blood pressure, increased obesity, cardiovascular reactivity, worse self-reported health, and earlier morbidity (see, e.g., Williams and Mohammed 2009 for a review [2] ). These conditions may be worsened by racial discrimination, in part, due to perceived racial discrimination as a psychological stressor. Judgment based on external factors, such as racial discrimination, has been shown to be a potent psychological stressor [3] . However, there has been limited research on the physiologic pathways through which racial discrimination may result in poor health outcomes.
Cellular oxidative stress is a candidate pathway that may link perceived racial discrimination and poor health outcomes. Oxidative stress is the process by which "free radicals" or reactive oxygen species damage cellular components including DNA, proteins, and lipids. "Oxidative stress" is the term for the imbalance between the production of reactive oxygen species and intrinsic protection mechanisms. There is a small literature suggesting that psychological stress may increase oxidative stress. Oxidative stress is a pathogenic mechanism common to insulin resistance [4] , hypertension [5] , and cognitive aging [6] . If oxidative stress is causally associated with a psychological stressor such as racial discrimination, then disparities in psychological stress could help explain some health disparities.
Standard measures of oxidative stress (lipid peroxidation, protein carbonyls, and 8-hydroxyguanosine) reflect particular targets of oxidative stress (lipids, proteins, and DNA, respectively). We focus here on heme degradation, which is predominantly a measure of oxidative stress originating from the hemoglobin oxidative reactions in the red blood cells (RBCs) [7, 8] . These heme degradation reactive species are sensitive to changes in blood flow and tissue oxygenation that can be triggered by psychological stress through the sympathetic nervous system stress reaction. Over time, they could be chronically altered due to an allostatic load-type recalibration of the set point [9] . The reactive oxygen species formed in the RBCs can be released to the vascular system and other tissues [10] and may, therefore, be used as a marker of overall oxidative stress.
Although the relationship between perceived racial discrimination and oxidative stress has not been studied, studies have examined the relationship between oxidative stress and other forms of psychological stress [11] [12] [13] [14] . Because oxidative stress is elevated in many diseases, if there is a reliable link between psychological distress and oxidative stress, it could provide a mechanism to explain the relationship between psychological distress and subsequent disease. In small studies, psychological stress has correlated with markers of oxidative stress. This was observed in both cross-sectional [13, 15] and longitudinal studies [14] [15] [16] [17] . Also, in two small studies, those who underwent stress reduction or stress management had reduced oxidative stress levels compared to their own prior values [17] or those of a comparison group [18] . However, studies of the association between psychological distress and oxidative stress have been hampered by limited research designs including small, homogenous populations and inadequate confounder adjustment. Studying racial discrimination as a particularly deleterious type of psychological stress could add to this developing literature.
In the present investigation, we examined the crosssectional association between self-reported racial discrimination and RBC oxidative stress in a demographically heterogeneous population with well-measured confounders. To our knowledge, this is the first investigation of the relationship between the perception of racial discrimination and oxidative stress.
Methods

Study Population
The Healthy Aging in Neighborhoods of Diversity across the Life Span (HANDLS) study is a prospective, populationbased, longitudinal study [19] . The sample is a fixed cohort of participants based on household screenings from an area probability sample of 13 neighborhoods (areas of contiguous census tracts) in Baltimore City, Maryland. HANDLS is designed to examine the effects of race and socioeconomic status on risk factors for morbidity and mortality. The baseline sample of 3,721 adults aged 30-64 was recruited from 2004 to 2008. Data collection was performed in two phases in which participants were screened at their homes and physical examinations and other data were collected in Mobile Research Vehicles parked in participants' neighborhoods. All participants provided informed consent, and the study was approved by the National Institute of Aging Institutional Review Board at the Medstar Research Institute. The sample for the current analysis consisted of (N=629) consecutive participants (16 September 2004-19 July 2005) whose red blood cells had been analyzed for heme degradation as an ancillary study initiated after baseline recruitment began. The subset differed slightly from the full cohort. The ages, gender, and poverty level of the subset were statistically the same, but the full cohort is 59% Black while the subset with heme degradation is 49% Black.
Racial Discrimination Measure
Racial discrimination is assessed by, "Overall, how much have you experienced prejudice or discrimination because of your race?" with response possibilities of "not at all," "a little/some," or "a lot" [20] . For the multivariable models, we allowed more variability so that the categories remained "not at all," "a little/some," and "a lot."
Oxidative Stress Measure RBC oxidative stress was measured by determining the level of fluorescent heme degradation products for each participant according to standard measurement procedures [21] . Briefly, washed RBCs were lysed in deionized double distilled water. The emission fluorescence spectrum was measured from 400 nm to 600 nm at an excitation wavelength of 321 nm using a Perkin Elmer model LS 50B spectrofluorometer. A relative measure of fluorescent heme degradation products inside RBCs was determined from the emission at 465 nm [22] . The fluorescent heme degradation products are formed, in part, by reactive oxygen species like superoxide and peroxide ions released in the RBCs as a result of hemoglobin auto-oxidation. It is this same pool of reactive oxygen species that are also responsible for RBC membrane damage and the release of reactive oxygen species from the RBC. The fluorescent value is not an absolute measure of heme degradation products because the fluorescent signal is partially quenched by the level of hemoglobin present. It is for this reason that all measurements are made at a constant concentration of 50 μM of hemoglobin after lysis of RBCs. Under these conditions, fluorescent intensities in the range of 5-10 are found for normal healthy subjects. However, alterations within this normal range can reflect subclinical alterations in oxidative stress that can contribute to pathology. For diseases like sickle cell anemia where the hemoglobin molecule is less stable, values of heme degradation can be as high as 25-30 [23] .
Covariates
We included variables that have been or are plausibly associated with either discrimination exposure or RBC oxidative stress, and might confound the relationship rather than mediate it [24, 25] . Age was measured in years. Race was determined by self-report as White or Black. Smoking status was selfreported. Smokers are divided into "never tried," "tried but never consistently used," "former user," and "current user." Obesity was characterized as those with a BMI of ≥30. Highsensitivity C-reactive protein (CRP) was measured by Quest Diagnostics. CRP is a measure of systemic inflammation and was log transformed due to non-normality.
Statistical Analysis
We tested first for mean and proportional differences for the demographic characteristics, health-related factors, racial discrimination measures, and RBC oxidative stress measures by race using Student's t and Chi-square tests, respectively. For the primary analyses, we used multivariable regression models to estimate the association between racial discrimination and the level of heme degradation products as a measure of RBC oxidative stress unadjusted and then with appropriate adjustments.
To determine the impact of the additional variables on the parameter estimate for oxidative stress, we examined three different multiple regression models using pre-planned hierarchical effects. Because our main interest was in the association between racial discrimination and RBC oxidative stress, our first model includes just racial discrimination and RBC oxidative stress; model 2 includes RBC oxidative stress plus age and smoking history; and model 3 includes Creactive protein and obesity. P values <0.05 were considered statistically significant, and all tests were two-sided. Analyses were conducted using STATA version 10 (College Station, TX). Table 1 presents the characteristics of the study population by race. Mean age was 48 (range, 30-64 by study design), and 47% were men. Forty-three percent were obese with equal percentages of White and African American participants obese. African Americans reported more racial discrimination than Whites. African Americans had higher RBC oxidative stress than Whites (see Table 1 ).
Results
In univariate analyses, reported racial discrimination was associated with increased RBC oxidative stress (P<0.05). In multivariable linear regression models, racial discrimination was still significantly associated with RBC oxidative stress (Beta=0.55, P<0.00) after adjustment for age, smoking, obesity, and level of C-reactive protein. When we stratified by race, racial discrimination was no longer associated with RBC oxidative stress for Whites but remained associated for African Americans (Table 2) .
Discussion
This study is the first of which we are aware that tests an association between racial discrimination and a measure of oxidative stress. Although we found that self-report of racial discrimination was associated with increased RBC oxidative stress across the biracial sample, once we stratified by race, the association remained statistically significant for African Americans and not for Whites.
Oxidative stress includes multiple processes which can produce reactive species [26] . The associated functional impairment depends on where in the body these reactive species are produced and the availability of antioxidants. To help identify the nature of the relationship between oxidative stress and racial discrimination, we have used the level of fluorescent heme degradation products, which specifically measures oxidative stress originating from the RBCs [8] . The functional impairment of RBCs due to heme degradation involves altered RBC flow properties and the potential transfer of reactive species from RBCs to adjacent tissues [10] . This form of oxidative stress can result in significant RBC functional impairment, but depends on the stability of hemoglobin inside the cells [23] or exposure to hypoxia [22] . In this study, we have also measured smoking, obesity, and C-reactive protein, which are generally thought to be associated with oxidative stress. Interestingly, although there was a significant increase in heme degradation associated with increased racial discrimination, there was a decrease in heme degradation associated with obesity and smoking and no significant association between heme degradation and C-reactive protein ( Table 1) . The negative correlations shown in Table 2 for these covariates and the significant cross-sectional association between racial discrimination and heme degradation after controlling for covariates suggest that the functional impairment induced specifically by RBC oxidative stress is associated with racial discrimination. Moreover, we found that experience of racial discrimination did not increase RBC oxidative stress in Whites but did in African Americans.
These findings have implications for understanding health disparities. If increased RBC oxidative stress is associated in African Americans with experiencing racial discrimination, this could be one reason that diabetes, cardiovascular disease, and premature aging occur disparately in African Americans. Racial discrimination has been associated with hypertension [27] , inflammation [28] , e-selectin levels [29] , and coronary calcification [30] . We hypothesize that in low SES populations and in minority populations with high rates of early-onset age-associated disease, the interaction of biologic, psychosocial, socioeconomic, environmental, and genetic factors may result in a phenotype of premature or accelerated aging. The underlying biologic processes may be the same as those postulated in theories of normal human aging. The Harman Free Radical Theory of Aging states that the accumulation of oxidative stress and damage to DNA and other cellular components and tissues over the lifespan lead to aging, disease, and death [25] . The health disparities induced phenotype of accelerated aging may be biologically similar to heritable "progeroid" syndromes whose manifestations include increased susceptibility to oxidative stress, premature accumulation of oxidative DNA damage, defects in DNA repair, and higher levels of biomarkers of oxidative stress and inflammation. Although genetic background, environmental, and behavioral factors influence health outcomes in all populations over the lifespan, health disparities may be the end product of an accelerated trajectory of dysfunctional interactions of these factors in populations at high risk or with high levels of risk exposure. As Williams et al. [2] describe, the research on racial discrimination and morbidity will benefit from an understanding of potential mechanisms for racial discrimination's association with increased morbidity. How could discrimination lead to greater oxidative stress? One of the likely pathways is the arousal of the stress reactivity systems. As examples, reports of discrimination have been associated with cardiovascular reactivity to acute stress [31] and higher basal level of cortisol [32] . Both exposure to chronic stress and excessive level of cortisol are in turn associated with greater oxidative stress [33, 34] . The increase in heme degradation, our primary measure of oxidative stress, can result from changes in blood flow or oxygen utilization that may be trigged by psychological stress. The same pool of reactive species formed in the RBCs that produces heme degradation can also leak out of the cell into the plasma where they can produce protein carbonyls and damage other cells and tissues.
Racial discrimination could theoretically be associated with RBC oxidative stress through health behavior pathways as well. For example, greater exposure to discrimination may lead to internalized racism and less self-care behaviors. Discrimination is linked to less slow wave sleep and greater fatigue [35] . Those experiencing overt racial discrimination could react by eating more comfort food [36] which is prooxidant and may increase oxidative stress burden.
Almost 40% of Whites in this sample reported "some" or "a little" racial discrimination. Other studies that have measured both White and Black perceived racial discrimination have found that 20-40% fewer Whites report racial discrimination than Blacks. In this regard, this HANDLS sample is similar with 81% of Blacks reporting some or a lot of racial discrimination and 43% of White reporting the same [37] [38] [39] . Baltimore is a majority Black city, and Whites may be reporting incidents such as a Black bus driver not stopping for them at a bus stop. This is a preliminary report of an association between racial discrimination and oxidative stress, and as such, several limitations deserve mention. First, this study cannot infer causality because all measures were assessed contemporaneously. Second, our measure of racial discrimination is one question with ordinal responses. This is an important limitation. However, there are many one-item measures in the literature that are associated prospectively with important health outcomes such as health-related quality of life [40] and self-rated health [41] . Both of these single questions have been shown to be a useful measure of overall health for which a research participant sums his or her overall sense of a particular aspect of experience. Third, our measure of racial discrimination largely captures overt discrimination. There is no consensus on an optimal measure of perceived racial discrimination [2] . However, our measure does not address covert nor institutional discrimination such as living in a residentially segregated neighborhood [2, 42] . The majority of health effects of racial discrimination are likely due to such factors as neighborhood segregation, school segregation, differential sentencing by race, and other factors that are not necessarily reported by a discrimination scale. These institutional factors may or may not square with individual perception. We investigate the association between individual perception and a plausible biological mechanism that could be related to poor health outcomes. This perception of discrimination is a limitation in that it leaves out much discrimination, but it is also a strength as it may describe the effect of discrimination that is psychologically noticeable to participants and thus can be used as a model for the relationship between psychological stress and oxidative stress. Future research should include a multidimensional scale that can measure discrimination more comprehensively. Strengths of the present study are that it is the first we know of to examine the relationship between racial discrimination and oxidative stress, and that it has well-characterized data with well-measured confounders.
In summary, these findings suggest that there could be identifiable physiologic pathways by which psychological stress amplifies risk of cardiovascular and other agerelated diseases. This study is a first step to understanding whether there is a relationship between racial discrimination and oxidative stress. To understand whether oxidative stress associated with racial discrimination affects health outcomes, we will need longitudinal data. The HANDLS study is designed to collect data for 20 years which will provide this opportunity.
